The pathogenic yeast Candida glabrata is reliant on a suite of cell surface adhesins that 3 play a variety of roles necessary for transmission, establishment, and proliferation during 4 infection. One particular adhesin, Epithelial Adhesin 1 [Epa1p], is responsible for binding to host 5 tissue, a process which is essential for fungal propagation. Epa1p structure consists of three 6 domains: an N-terminal intercellular binding domain responsible for epithelial cell binding, a C-7 terminal GPI anchor for cell wall linkage, and a serine / threonine-rich linker domain connecting 8 these terminal domains. The linker domain contains a 40-amino acid tandem repeat region,
residues 6-24 and is responsible for the translocation of the protein into the secretory pathway 48 and eventual targeting to the cell surface (Schekman, 1982 . Once at the reference strain BG14 (ura3::Tn903 G418 R ; ) was a gift from Figure S1 for plasmid maps and cloning strategy.) The pSPHA expression vector allows for 135 constitutive expression of a protein product with an N-terminal signal peptide from Epa1p and 3x 136 hemagglutinin (HA) tag. The vector was maintained in S. cerevisiae by growth in Synthetic 137 Complete minus Leucine media and an ampicillin resistance marker allows for selection and 138 cloning in Escherichia coli. To build the pSPHA expression vector, the pRS415 expression 139 vector (pADH; Addgene 87374) was modified through the addition of the 254 bp SPHA cassette 140 (GeneArt ; Table S2 ) coding for the signal peptide, 3x HA tag, and a 3' multiple cloning site into 141 the SmaI (EC 3.1.21.4) restriction site via Gibson Assembly. The final construct was confirmed 142 by DNA sequencing.
144
To build the EPA1 expressing construct pSPHA-EPA1, the fragments of the EPA1 gene 145 containing the A, B, and GPI domains were isolated using the OCR035 and OCR036 primer set.
146
Four different EPA1 fragments were created; EPA1 was amplified from BG14, CG3, CG15, and 147 CG2 with three, four, five, and ten repeats respectively [EPA1 (3 rep), EPA1 (4 rep), EPA1 (5 cloning via Gibson Assembly as described above.
154
Flow Cytometry Analysis
156
Measurement of surface display by HA-tagged Epa1p was achieved through chicken secondary antibody (Abcam 150169) in PBSA. Stained cells were resuspended in 161 PBSA and analyzed on an Attune NxT Flow Cytometer (Thermo Fisher).
163
The flow cytometry gating strategy is outlined in Figure 2A . Briefly, debris and doublets 164 were gated out, and 10,000 events within the singlet population were randomly selected through 165 the FlowJo DownSample plugin (FlowJo, LLC). The BL-1 laser (excitation 488nm/emission 166 530nm bp 30nm) was used to measure AlexaFluor 488 signal, and the population of HA+ cells 167 was determined by setting the gate on the pADH negative control. From this population we 168 determined the percentage of singlets stained for HA (%HA+) and the mean fluorescent 169 intensity of the HA+ population (MFI).
171
Reverse Transcriptase Quantitative PCR
173
To measure levels of EPA1 expression at the mRNA level, yeast were grown to log
Statistical Analysis
229
A Single Factor Analysis of Variance (ANOVA) was utilized to determine significant 230 differences between experimental samples. Once ANOVA identified that there was variation 231 between groups, one-tailed paired t-tests with Bonferroni Correction were run between all 232 populations to determine which were the significantly different groups. The statistically 233 significant α value was set at p<0.05.
235

Results
237
EPA1 codes for a repetitive and variable adhesin 238 239
To explore natural variation in EPA1 repeat length, we amplified the repeat region from 240 the genomic DNA of 24 clinical isolates and the BG14 reference strain by PCR. By agarose gel 241 electrophoresis we observed four distinct band sizes, which corresponded to three (two isolates 242 and BG14), four (seven isolates), five (14 isolates) repeats ( Figure 1 ). Repeat length was 243 confirmed via Sanger sequencing from a representative collection of clinical isolates and BG14
244
( Figure S2 ). One isolate (CG2) had a larger EPA1 repeat region that could not be fully 7
To study the effect of the EPA1 repeat region on the characteristics of the protein, we 250 designed a transgenic system to study Epa1p in the related yeast, S. cerevisiae. This
251
orthogonal system was implemented as a means of normalizing expression of EPA1 in a nonrepeat copy number increases ( Figure 2C) . A one-way ANOVA was conducted between HA-
257
Epa1p expressing strains, and there was found to be significant variation between groups 258 (p<0.001), with the repeat region knockout (0 rep) having significantly fewer cells stained 259 positive for HA (HA+) than all other repeat variants (p<0.01). When per cell density of HA-Epa1p 260 on the cell surface was analyzed via MFI, the opposite trend was seen ( Figure 2D ). HA-Epa1p
261
with the repeat region deleted had a significantly higher MFI than the repeat copy numbers 262 (three, four, and five) seen in the natural population (p<0.0001).
264
Heterologous EPA1 expression under constitutive expression decreases with increase repeat 265 copy number
267
To study the underlying mechanisms which may control the variable Epa1p surface Figure 3B ). While ANOVA found significant variation between the different copy 8 epithelial cell binding was normalized to surface display metrics determined through flow 301 cytometry, a different trend was seen ( Figure 5C ). HA-Epa1p with the repeat deleted performed 302 significantly worse at the per protein level (p<0.05) when compared to HA-Epa1p with three or 303 five repeats, which performed similarly to one another when display normalized binding was 304 calculated ( Figure 5C ).
306
Discussion 307 308
Epa1p repeat copy number variation exists within the clinical population 309 310
Repetitive regions of DNA serve as important loci for population-wide strain to strain 311 variability in yeast which leads to a variety of different phenotypes , so 312 we hypothesized that there would be variability in the copy number of the 120 bp EPA1 313 minisatellite. Based on observations from other adhesins with similar repetitive domains, we 314 hypothesized that binding would be improved by expanding repeat regions (Verstrepen et al., 315 2005 , Fidalgo et al., 2006 . Indeed, when we analyzed the region's size in various clinical 316 isolates by PCR, we found that there was a considerable amount of variation at this locus 317 ( Figure 1 ). We concluded that the majority of strains had an EPA1 gene with between three and 318 five repeats, with a single isolate (CG2) having ten repeats ( Figure 1) and confirmed that the 319 variation was the result of expansions of the tandem repeat region via sequencing ( Figure S2 ).
321
In line with previous research in the field of repetitive domains in GPI-CWPs, there 322 appears to be selection for Epa1p regions with expanded repeat regions. However, it was very 323 interesting that there was only one strain (CG2) whose EPA1 gene coded for a repeat region 324 with greater than five repeats in Epa1p, suggesting that unchecked expansion of this repeat 325 actually is detrimental for function.
327
The tandem repeat region plays a role in regulating Epa1p display through multiple mechanisms
328
To test the functional differences of Epa1p with various repeat copy numbers, HA-329 tagged Epa1p with various repeat copy numbers were heterogeneously expressed in the related 330 yeast, S. cerevisiae. Expressing HA-tagged Epa1p in a related species under a continuative 331 promoter allowed us to uncouple our studies from the highly regulated gene expression of 332 adhesin genes natively in C. glabrata . This approach had additional 333 advantages in that S. cerevisiae has no inherent adhesive properties toward mammalian cells 334 (Lopez-Fuentes et al., 2018) and shares a similar cell wall structure to C. glabrata (Cormack et 335 al., 1999 , de Groot et al., 2008 .
337
To test how variation in the EPA1 repetitive region affects phenotype, the cell surface 338 display of HA-Epa1p was analyzed via flow cytometry (Figure 2) . We tested HA-Epa1p variants 339 with three, four, or five repeats, or with the repeat region deleted; the ten-repeat variant was 340 omitted because we were unable to identify expression at the mRNA level (Figure 3 ).
341
Significantly higher mean fluorescent intensity was observed for the cells expressing HA-Epa1p 342 with the repeat region deleted than any of the naturally occurring repeat copy number variants 343 ( Figure 2D ). This trend suggests there is decreased rate of protein surface display of Epa1p as together, these findings suggest that variation of the Epa1p repeat region may exert control on 9
To identify these mechanisms, we first measured the transcription of all of repeat variants (Figure 3 ). We observed that EPA1 with increased repeat copy number expressed at lower levels than the gene with fewer copies of the tandem repeat. While not statistically significant, EPA1 with the repeat region deleted appears to be more highly expressed, roughly was detected. This trend fits with previous findings that transcription of repetitive DNA is heterologous system, these tradeoffs are functionally balanced such that only the extremes of 
